We demonstrate that a near-dissociation photoassociation resonance can be used to create a deeply bound molecular sample of ultracold NaCs. To probe the resulting vibrational distribution of the sample, we use a new technique that can be applied to any ultracold molecular system. We utilize a tunable pulsed dye laser to produce efficient spectroscopic scans (∼ 700 cm −1 at a time) in which we observe the 1 1 Σ + → 2 1 Σ + − 2 3 Π vibrational progression, as well as the dissociation limit to the Cs 6 2 P 3/2 asymptote. We assign 1 1 Σ + (v = 4, 5, 6, 11, 19) vibrational levels in our sample. The creation and investigation of ultracold heteronuclear molecules has attracted significant interest. When preparing molecular samples, particular emphasis has been placed on populating deeply bound levels in the singlet ground state because those rovibrational states are highly polarizable and can be used in experiments that explore the resulting strong dipole-dipole ("polar molecule") interactions. For example, ultracold polar molecules can be used as qubits and in quantum memories [1], for quantum simulation [2], and to study strongly interacting quantum degenerate gases [3] .
We demonstrate that a near-dissociation photoassociation resonance can be used to create a deeply bound molecular sample of ultracold NaCs. To probe the resulting vibrational distribution of the sample, we use a new technique that can be applied to any ultracold molecular system. We utilize a tunable pulsed dye laser to produce efficient spectroscopic scans (∼ 700 cm −1 at a time) in which we observe the 1 1 Σ + → 2 1 Σ + − 2 3 Π vibrational progression, as well as the dissociation limit to the Cs 6 2 P 3/2 asymptote. We assign 1 1 Σ + (v = 4, 5, 6, 11, 19) vibrational levels in our sample. The creation and investigation of ultracold heteronuclear molecules has attracted significant interest. When preparing molecular samples, particular emphasis has been placed on populating deeply bound levels in the singlet ground state because those rovibrational states are highly polarizable and can be used in experiments that explore the resulting strong dipole-dipole ("polar molecule") interactions. For example, ultracold polar molecules can be used as qubits and in quantum memories [1] , for quantum simulation [2] , and to study strongly interacting quantum degenerate gases [3] .
There have been a number of recent successes in creating ultracold absolute ground state heteronuclear molecules starting from trapped atomic vapors. In the case of RbCs [4] , atoms were photoassociated into excited molecules and then transferred into the rovibrational ground state using an incoherent pump-dump laser excitation scheme. In the case of KRb [5] , an elegant, yet complex technique was used in which weakly bound KRb molecules were formed via a Feshbach resonance after which the molecules were transferred to the rovibrational singlet ground state using a coherent two-photon (STIRAP) process enabled by a highly stabilized fs laser frequency comb. In LiCs [6] , absolute ground state molecules were formed by photoassociation (PA) followed by spontaneous emission directly into the ground state. The simplicity of this single PA step is an attractive technique; however, the molecular production rate of a desired state is diluted by the creation of a wide range of rovibrational ground states.
To help control this distribution, the PA frequency is chosen to populate an excited molecular state that preferentially decays to specific rovibrational ground states. Once this is accomplished, purification of the sample into a single rovibrational state is achieved using any one of a variety of methods such as vibrational state cooling by optical pumping [9] , collision induced vibrational relaxation [10] , or state-selective electric trapping [11] . What The depletion pulse (dashed arrow) drives a resonant transition between electronic states, and the remaining sample is detected with REMPI (solid arrows). The ab initio PECs are from [7] , and the ionization threshold is from [8] is required to optimize any of these approaches is a clear understanding of the rovibrational population distribution created by the initial PA step. Resonance Enhanced Multi-Photon Ionization (REMPI) spectroscopy provides a powerful technique for measurement of the vibrational state distribution. However, the single-color, two-photon REMPI spectrum for ultracold NaCs molecules is difficult to analyze due to the dense, congested nature of the spectrum and the uncertainty in potential energy curves (PEC) for the states involved. An attractive strategy for state identification is depletion spectroscopy [6, 12] . In the cold molecule community, this is performed using a 
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narrow linewidth (< 1 MHz) CW laser to deplete specific rovibrational states, allowing assignment of portions of the REMPI spectra. However, this technique is not suitable for mapping out large segments of the vibrational progression because the typical vibrational energy splittings (∼ 10 to 100 cm −1 ) are not well matched to the tuning characteristics of a CW depletion laser.
In this paper, we introduce a pulsed-laser depletion method to identify the vibrational states in our REMPI spectrum. We thereby show that our PA process begins with a near-dissociation resonance in an Ω = 1 state and leads to efficient population of deeply bound NaCs molecules in the singlet ground state. We further compare our results to term values extrapolated from a hotmolecule Collision Enhanced Laser Induced Fluorescence (CELIF) experiment [13] . We also observe the dissociation of v = 5 molecules to the Cs 6 2 P 3/2 asymptote yielding a direct measurement of the binding energy of the initial state, and assign spectra of the 3(Ω = 1) and 4(Ω = 1) electronic states.
We begin with ultracold sodium and cesium atoms (∼ 200 µK) in dark-SPOT Magneto-Optical Traps. The atoms are photoassociated with 500 mW from a Ti:Sa ring laser at a frequency that has been detuned from the Cs 6 2 P 3/2 atomic line; for more experimental details see [14] . Several PA lines detuned from this asymptote have been labeled [15] .
A diagram of the laser frequencies used in the experiment is given in FIG. 1 . The REMPI detection laser is fixed to an unassigned vibrational line in the photoionization spectrum to obtain a constant baseline signal as can be seen in FIG. 2 . While the depletion laser is scanned at a resolution of ∼ 0.6 cm −1 , dips in the signal indicate resonances with the excited state.
We choose a PA resonance detuned ∼ 23 GHz below the Cs 6 2 P 3/2 atomic line. This detuning exhibits high production rates of deeply bound molecules. To assign the near-dissociation PA line, we examine the FranckCondon overlap between high lying vibrational levels in the excited electronic states and the deeply bound levels in the 1 1 Σ + state, see FIG. 3 . This electronic state is a strong candidate to produce absolute ground state molecules [18] .
To calculate these Franck-Condon factors, we use the relevant ab initio spin-orbit potentials from Korek et al. [19] , and the experimentally fit 1 1 Π state [20] . We smoothly attach long range analytic potentials [21] to the ab initio potentials using the Fermi function [22] .
The 3(Ω = 0 + ), 3(Ω = 1), and 4(Ω = 1) states correspond to the Cs 6 2 P 3/2 asymptote and have dipole allowed transitions to 1 1 Σ + . However, only the Ω = 1 states have good Franck-Condon overlap (∼ 10 −5 ) for the observed transitions. Two other PA resonances previously assigned as Ω = 1 [15] also produce deeply bound molecules. PA lines corresponding to the 1(Ω = 2) electronic state do not yield molecules with v < 30.
During the experiment, the PA beam is extinguished 100 µs before the 10 ns depletion laser pulse is introduced. After another 100 µs, a second pulse ionizes the remaining sample. With a pulse intensity of 6×10 6 W/cm 2 , we achieve more than 50% depletion of the ion signal on resonance, limited by spatial mode-matching of the detection and depletion beams. Both the depletion and REMPI detection lasers are independent tunable pulsed dye lasers. Ion species are resolved and detected with a time-of-flight mass spectrometer.
We isolate ground vibrational levels in the REMPI spectrum by choosing a three photon, single-color ionization pathway using the heavily mixed 2 complex as the first intermediate state. The dependence on a second resonant excitation for ionization modulates the spectrum and decreases the probability that a single frequency will ionize multiple ground states. This modulation may suppress specific vibrational levels whose second transitions are not resonant and therefore much less likely to occur.
Throughout this paper, we will refer to the ground electronic states in the Hund's case (a) notation, and the heavily mixed excited electronic states are given in the Hund's case (c) basis, or as a fully perturbed complex. The 3(Ω = 1) and 4(Ω = 1) states correspond roughly to the 2 3 Σ + and 1 1 Π, respectively, but we emphasize the fact that both observed states have dipole allowed transitions to the 1 1 Σ + ground state.
In FIG. 2 , we display the remarkable agreement between our pulsed depletion spectra and extrapolations from the CELIF data. This technique allows us to observe vibrational progressions from any detectable state in the REMPI spectrum efficiently, and label them precisely. The calibration of the depletion laser was performed using well-known Cs atomic transitions [23] , and we find a root mean squared deviation (RMSD) of 0.56 cm −1 between the 45 assigned and calculated term values. We detect significant populations in the v = 4, 5, 6, 11 and 19 vibrational states. All of these vibrational levels and any with v < 30 have a permanent electric dipole moment of ∼ 4.6 Debye [24] .
Using the pulsed depletion technique, we detect dissociation of NaCs along the 6 2 P 3/2 asymptote starting from the 1 1 Σ + (v = 5) state, as shown in FIG. 4 . This allows us to extract a binding energy without any a priori knowledge of the molecular structure. We scan the depletion laser across the Cs 6 2 P 3/2 dissociation asymptote, and the last discernible vibronic transition occurs at 16150.5 cm [17] , and calculate the predicted spectrum using LEVEL. We find a RMSD of 2.3 cm −1 between the observed and calculated term values. The calculated average vibrational energy spacings of 25.4 cm −1 matches well with the observed spacings of 25.8 cm −1 . Note that some of the vibrational states described here are outside the range (v > 25) of the experimentally fit PEC [17] .
For the 3(Ω = 1) electronic state, we compare our term values with those calculated from the ab initio potential given in [19] . We find a RMSD between observed and calculated term values of 9.6 cm −1 . The average vibrational energy spacings are 22.5 cm −1 for the ab initio PEC, compared to the observed spacings of 24.1 cm −1 . In summary, we present a near-dissociation PA resonance which populates deeply bound states assigned as 1 1 Σ + (v = 4, 5, 6, 11, 19) . Previous single-step PA experiments utilizing weakly bound excited states did not report production of such a wide range of deeply bound molecules [25] . We describe a pulsed depletion technique and show that it is an efficient method for per-forming vibrational spectroscopy on a sample of ultracold molecules.
In future work, we intend to probe deeper resonances (∼100 cm −1 ) in the 6 2 P 3/2 PA manifold to directly produce v = 0 molecules. Detection of these lines will be aided by our investigation of the 3(Ω = 1) and 4(Ω = 1) electronic states with pulsed laser depletion spectroscopy. A combination of the pulsed and CW depletion spectroscopic techniques will facilitate efficient monitoring of state populations in electrostatic or ac trapping [26] and vibrational state cooling experiments.
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